The photoelectron spectra of NCCCN − have been measured at 355 and 266 nm by means of photoelectron imaging. The spectra show two distinct features, corresponding to the ground and first excited states of dycianocarbene. With support from theoretical calculations using the spin-flip coupled-cluster methods, the ground electronic state of HCCCN is assigned as a triplet state, while the first excited state is a closed-shell singlet. The photoelectron band corresponding to the triplet is broad and congested, indicating a large geometry change between the anion and neutral. A single sharp feature of the singlet band suggests that the geometry of the excited neutral is similar to that of the anion. In agreement with these observations, theoretical calculations show that the neutral triplet state is either linear or quasilinear ͑X 3 B 1 or 3 ⌺ g − ͒, while the closed-shell singlet ͑ã 1 A 1 ͒ geometry is strongly bent, similar to the anion structure. The adiabatic electron binding energy of the closed-shell singlet is measured to be 3.72Ϯ 0.02 eV. The best estimate of the origin of the triplet band gives an experimental upper bound of the adiabatic electron affinity of NCCCN, EAՅ 3.25Ϯ 0.05 eV, while the Franck-Condon modeling yields an estimate of EA͑NCCCN͒ = 3.20Ϯ 0.05 eV. From these results, the singlet-triplet splitting is estimated to be ⌬E ST ͑X 3 B 1 / 3 ⌺ g − − ã 1 A 1 ͒ = 0.52Ϯ 0.05 eV ͑12.0Ϯ 1.2 kcal/ mol͒.
I. INTRODUCTION
Carbenes have long attracted attention as intermediates in chemical reactions. It is well known that substituents R 1 and R 2 on a carbene, R 1 -C-R 2 , determine the electronic ground state and singlet-triplet energy splitting. The simplest carbene, CH 2 , has a triplet ground state, 1,2 with the two same-spin nonbonding electrons occupying different, slightly nondegenerate, nonbonding p orbitals on the carbon atom to alleviate exchange repulsion. 3 In contrast, carbenes with -donor substituents, particularly the halocarbenes, CHX and CX 2 ͑X = F, Cl, and Br͒, with the probable exception of CI 2 , have singlet ground states. 4 In these systems, the energy splitting between the nonbonding orbitals is increased, compared to CH 2 , as a result of -electron donation by the halogen atoms. On the other hand, many carbenes with extended systems, such as diarylcarbene and acetylene carbene, have triplet ground states stabilized by conjugation. [5] [6] [7] While nominally considered a "pseudohalogen," a cyanosubstituent CN does not act as a donor, and therefore affects carbenes more like the aryl or acetylenic groups. Indeed, cyanocarbene, HCCN, has a triplet ground state, 3, [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] with a relatively large singlet-triplet splitting of 11.9Ϯ 0.4 kcal/ mol ͑0.516Ϯ 0.017 eV͒. 8 It is expected that adding another cyanosubstituent to give dicyanocarbene, NCCCN, should further stabilize the triplet ground state and increase the singlet-triplet splitting.
In this work, we report a combined experimental and computational studies of the structures and energetics of the electronic states of NCCCN. An a priori assessment of the electronic structure is shown in Fig. 1 . Structure 1 ͑at the bottom of the figure͒ shows a valence-bond picture of the NCCCN − anion in the ground state. Just above it ͑2͒ are the corresponding depictions of the excited electronic state of NCCCN − at the bent and linear geometries. The linear structure is included because the excited state anion obtained by vertical excitation from the bent ground state is expected to relax toward the linearity. The neutral triplet state and two singlets are depicted in the top portion of the figure ͑struc-tures 3, 4, and 5, respectively͒.
These representations ͑1-5͒ show the valence p orbitals of carbon and nitrogen atoms. For the anion ͑ 2 B 1 ground state͒, there are three electrons on the central carbon atom, with two electrons in the a 1 ͑͒ orbital and one electron in the b 1 ͑͒ orbital. The anion is stabilized by incorporating more s orbital character into the doubly occupied orbital, which is favored in the bent geometry. Detachment of an a 1 electron yields the 3 B 1 or 1 B 1 neutral state ͑transitions 1 → 3 and 1 → 5 in Fig. 1 , respectively͒, with one electron in each p orbital of the central carbon atom. The electronic structure of the triplet state is examined more closely in Fig. 2 , which shows that the p electrons of the central carbon atom can participate in bonding with both CN groups and several linear resonance structures can be drawn. The bottom resonance structure depicted in Fig. 2 is nominally a biradical form of the carbene, where the spin density is partially sepa-rated onto both terminal nitrogens, while the top resonance structure places both unpaired electrons on one of the terminal nitrogens and is nominally a nitrene. However, it has been shown that the isoelectronic diacetylene carbene, HCCCCCH, 6, 7 is best represented as two acetylenic groups connected to divalent carbon, HCC-C gives the 1 A 1 state of the carbene, which has a bent structure similar to the anion.
In a more general context, the electronic structure of linear NCCCN highlights important aspects of this molecule.
In linear NCCCN, the two nonbonding electrons occupy a pair of degenerate u orbitals, resulting in three different possible electronic configurations: In a similar manner, the anion has three electrons in two nonbonding orbitals, which leads to a degenerate 2 ⌸ u state at the linear geometry. As with the neutral, the degeneracy is lifted by a Renner-Teller splitting, resulting in a X 2 B 1 ground state and a Ã 2 A 1 excited state. Similar to Fig. 2 , the 2 A 1 state has resonance structures with conjugation in the plane, which may result in a linear or quasilinear structure. Qualitative potential energy curves based on the valence bond structures for NCCCN − and NCCCN with respect to the CCC bond angle are shown in Fig. 3 .
The important questions that remain to be answered for NCCCN concern the structures of the singlet and triplet states and the magnitude of the singlet-triplet splitting. A previous anion photodetachment study of the cyanocarbene, HCCN − , dealt with many of the same structural issues. 8 For HCCN, the triplet state is quasilinear, i.e., the bent structure is a potential minimum, while the linear form is a local maximum on the potential energy surface, but the low energy of this maximum ͑275 cm −1 ͒ allows rapid interconversion of triplet HCCN. For the triplet ground state of dicyanocarbene ͑ 3 NCCCN, for brevity͒, the effect of two CN substituents must be taken into account, but by simple analogy we might expect 3 NCCCN to be also a linear or quasilinear molecule. Compared to HCCN, the linear NCCCN structure should be more favored due to additional conjugation offered by the second CN group. Moreover, the triplet state of isoelectronic HCCCCCH has been computed to be linear, suggesting that NCCCN should be linear as well. 6, 7 There have been several previous studies of NCCCN. [17] [18] [19] [20] [21] A matrix isolation measurement indicated a linear triplet structure, 21 but the 193 or 254 nm radiation used in that study induced isomerization between several high-energy isomers, including cyclic structures. A massspectrometric study with 13 C labeled NCCCN − showed loss of carbon upon reionization, suggesting the carbon atoms are scrambled via these cyclic intermediates upon neutralization of the anion by high-energy collisions. 19 Theoretical studies in the same work also suggested that the triplet is linear, corresponding to the X 3 ⌺ g − state, while the lowest-energy 20 who utilized complete active-space perturbation theory ͑CASPT2͒ calculations, again with B3LYP geometries, to investigate the rearrangement of NCCCN. The ground state of NCCCN was found to be linear ͑ 3 ⌺ g − ͒ with significant spin on the terminal nitrogens, which is consistent with partial biradical character, as indicated in Fig. 2 . Although the EA was not calculated in their study, the singlettriplet splitting was determined to be 0.32 eV. However, an important result of this study was that the linear open-shell singlet, 1 ⌬ g , was calculated to be lower in energy than the bent closed-shell singlet, 1 A 1 . Therefore, although the magnitude of the singlet-triplet splitting reported by Nguyen and co-workers 20 is similar to the values reported previously, it corresponds to a different pair of electronic states A common theme in the studies described above is the use of geometries from density functional methods, and so it is not surprising that they all yielded linear geometries for the triplet state. This has not always been the case, however. In an early study of NCCCN using self-consistent field methods, the optimized geometry of the triplet was calculated to be bent with a central CCC angle of 132.5°, while the corresponding singlet state angle was determined to be 114.9°. 22 The interconversion barrier for the triplet state corresponding to the linear geometry was calculated to be 0.4 eV ͑9 kcal/ mol͒. The calculation, however, did not include electron correlation, which is important in systems like this. 6 The present paper reports the results of our negative-ion photoelectron imaging experiment and spin-flip ͑SF͒ coupled-cluster calculations on NCCCN − and NCCCN. The photoelectron spectrum of NCCCN − strongly resembles those that have been reported previously for other triplet ground state carbenes, such as HCH and HCCN. The photoelectron band corresponding to formation of 3 NCCCN is broad and congested, suggesting a large geometry change upon electron detachment, as we would expect for the bent anion and linear or nearly linear 3 NCCCN. In contrast, the singlet feature is sharp, reflecting the similar geometries of the anion and the closed-shell singlet. The open-shell singlet is not observed at the photon energy used in the experiment. Theoretical studies find 3 NCCCN to be linear or quasilinear, depending on the level of theory and basis set used in the calculation. The computed EA and singlet-triplet splitting are consistent with the experimental results. Finally, in contrast with the previous CASPT2 results, 20 the closed-shell singlet state, 1 A 1 , is calculated to be lower in energy than the openshell singlet state, 1 ⌬ g .
II. EXPERIMENTAL AND THEORETICAL METHODS

A. The experiment and data analysis
All measurements were carried out using a negative-ion time-of-flight mass spectrometer equipped with a photoelectron imaging assembly, described in detail elsewhere. 23 Negative ions were synthesized by ion-molecule reactions in a pulsed supersonic expansion. The room-temperature vapor of malononitrile, CH 2 ͑CN͒ 2 , was seeded in N 2 O carrier gas at a backing pressure of ϳ30 psi and expanded into vacuum through a pulsed supersonic nozzle ͑General Valve, Series 99, Parker Hannifin, Cleveland, OH͒, operated at a 50 Hz repetition rate. High-energy electron collisions produced slow secondary electrons, which formed O − by dissociative electron attachment to N 2 O. Dicyanocarbene anions were generated by the reaction of O − with malononitrile, 19, 24 
The ions were accelerated to 2.5 keV in a linear time-offlight mass spectrometer. A collimated, pulsed, linearly polarized laser beam ͓third or forth harmonics of a Spectra Physics, Santa Clara, CA, model Lab-50 Nd:YAG ͑yttrium aluminum garnet͒ laser: 10 ns, 10 mJ at 355 nm, and 0.05 mJ at 266 nm͔ intersected the ions of interest within a velocity-map 25 imaging 26 assembly. Photodetached electrons were accelerated by a series of electrodes onto a 40 mm diameter dual microchannel plate detector, coupled to a P43 phosphor screen ͑Burle, Inc., Lancaster, PA͒. The resulting images were recorded by a charge-coupled device camera. Typically, 10 4 -10 5 experimental cycles were accumulated for each reported image.
Due to the cylindrical symmetry with respect to the laser polarization axis, images can be reconstructed using the inverse Abel transform to yield the complete three-dimensional photoelectron distributions. 27 The Abel inversion, as implemented in the BASEX program, 28 yields intensities in polar coordinates, I͑r , ͒, where r is the distance from the image center and is the angle with respect to the laboratory-frame laser polarization axis. Integration of intensities over yields photoelectron spectra. The energy scale was calibrated using the known photoelectron spectrum of O − . 29, 30 Integration over r yields photoelectron angular distributions. 31, 32 
B. Theoretical methods
The low-lying electronic states of NCCCN were investigated using Krylov's SF method [33] [34] [35] combined with coupled-cluster theory. The SF approach incorporates the equation-of-motion methodology to calculate the energies of low-spin excited states, starting from the high-spin reference state and using the SF excitation operator. Unlike low-spin states, the high-spin states are not affected by orbital degeneracies and can be accurately described by a single-reference method. In the case of NCCCN, we employ the unrestricted high-spin component of the triplet state as a reference and describe the singlets and the low-spin component of the triplet as "excited" states in the space of the single spin-flipping excitations,
͑2͒
In Eq. ͑2͒, M S is the projection of the total spin and
represents the wave functions of the final singlet and triplet states, while R M S =−1 is an excitation operator that flips the spin of one electron. A linear combination of the configurations that result from SF within one of the singly occupied orbitals creates either the m s = 0 triplet state, ͑␣␤ + ␤␣͒ / ͱ 2, or the open-shell singlet, ͑␣␤ − ␤␣͒ / ͱ 2. ͑Here, ␣ and ␤ are the usual one electron spin functions; the latter should not be confused with the photoelectron anisotropy parameter ␤͒. An orbital change that accompanies the SF can be used to create the closed-shell singlet.
The geometries of the closed-shell singlet and the triplet states were optimized at the ͑U͒CCSD/cc-pVTZ level of theory, whereas the open-shell singlet state was optimized by using the SF approach, SF-CCSD/cc-pVTZ. For geometry optimizations, Hartree-Fock ͑HF͒ orbitals were used as the orbital basis for the CCSD calculations. This potentially leads to a slight error due to spin contamination in the wave functions. To minimize the contamination, B3LYP orbitals were used as the orbital basis for single-point calculations. Single-point energy calculations were carried out for all states using the SF-CCSD and SF-CCSD͑T͒ methods. 35, 36 The triplet energies used in this work are those for the M s = 0 state, as recommended by Krylov. 37 The calculations were carried out using the QCHEM program package.
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III. RESULTS
A. Photoelectron images and spectra
The 355 and 266 nm photoelectron images of NCCCN − are shown in Fig. 4 , along with the corresponding photoelectron spectra. The 266 nm spectrum in ͑a͒ shows two major overlapping features, labeled A and B. As illustrated in the figure, the overall spectrum is well fit by a sum of two overlapping Gaussian functions ͑relatively broad for band A and narrow for band B͒. Band A peaks at a binding energy of 3.53Ϯ 0.02 eV and has an onset around 3.2 eV ͑as determined by the signal rising above the noise level in the experimental spectrum͒. Feature B has a maximum at 3.72Ϯ 0.02 eV. The maximum positions are assigned as the vertical detachment energies ͑VDEs͒ of the corresponding transitions.
The analysis of the angular distributions is complicated by the overlap of the two bands. The anisotropy parameter for band A was obtained by analyzing the 266 nm photoelectron image in the range of electron binding energy ͑eBE͒ from 3.20 to 3.60 eV, effectively excluding the energy range of band B Gaussian fitting function ͓see Fig. 4͑a͔͒ . Band A's anisotropy was thus determined to be ␤ = 0.20Ϯ 0.03. The ␤ value for band B could not be determined because its entire spectral range includes significant overlap with feature A. The photoelectron angular distribution of the entire 266 nm image ͑bands A and B combined͒ is described by ␤ = 0.19Ϯ 0.03.
The 355 nm photoelectron image of NCCCN − in Fig. 4͑b͒ shows the onset of band A around eBE= 3.3 eV. Similar to the 266 nm spectrum, no vibrational structure is resolved. The 355 nm spectrum shows one additional feature, a weak outer band ͑labeled c͒ with a maximum at eBE= 2.88Ϯ 0.02 eV and an anisotropy value of ␤ = −0.16Ϯ 0.10. Scanning the photodetachment laser pulse timing along the m / z=64 ͑NCCCN − ͒ and 65 peaks and adjusting the instrument mass resolution ͑which controls the degree of overlap between neighboring m/z peaks͒, conclusively showed that feature c belongs to the m / z = 65 anion, HC͑CN͒ 2 − , formed in the ion source from the same precursor used in this study. Band c position is in excellent agreement with the recently measured value of EA of dicyanomethyl radical, 2.88Ϯ 0.01 eV. 24 Therefore, this band will not be further discussed here. 
B. Theoretical results
Molecular geometries
Theoretical calculations were carried out on the triplet, open-shell singlet, closed-shell singlet, and the radical anion states of dicyanocarbene. The optimized bond lengths and bond angles are given in Table I . The geometries of the singlet states are consistent with the previous results for this system, 9, 19, 22 as well as other similar carbenes ͑e.g., HCCN and H 3 CCCCCCH͒. 7, 8 The closed-shell singlet ͑ã 1 A 1 ͒ structure is strongly bent ͑CCC bond angle 118°͒, similar to other simple closed-shell carbenes, including methylene. 2 Similarly, the open-shell singlet ͑b 1 B 1 ͒ optimizes to a linear geometry ͑b 1 ⌬ g ͒, as showed previously by Nguyen and co-workers. 20 The structure of the triplet state is more challenging to determine. At the ͑U͒CCSD/cc-pVTZ level of theory, it is found to be slightly nonlinear, with a CCC bond angle of 168.4°͑Table I͒. The large bond angle in the triplet state is typical for carbenes. However, the question remains whether 3 NCCCN is truly bent. The triplet state of the isoelectronic diacetylenic carbene, HCCCCCH, has been found to be linear. 6 Similarly, whereas triplet cyanocarbene, HCCN, appears to be nonlinear, spectroscopic studies indicate that it is quasilinear, with an electronic potential barrier at linearity that is lower than the zero-point vibrational level. 8, 10 We find that the optimized geometry of 3 NCCCN is highly sensitive to the basis set and the extent of correlation included in the calculation. For example, the CCC bond angles optimized at the CCSD level of theory using the cc-pVDZ, cc-pVTZ, and cc-pVQZ basis sets are 155.6°, 168.4°, and 172.0°, respectively, indicating that the triplet state structure approaches linearity as the basis set size is increased.
In order to investigate the effect of additional correlation, we carried out single-point calculations at the SF-CCSD and SF-CCSD͑T͒ levels with the cc-pVTZ basis set for a series of triplet state geometries optimized at the CCSD/ cc-pVTZ level with the CCC bond angle fixed at selected values between 155°and 180°. The resulting energies were compared to those determined at the same level of theory with the same basis set for the fully optimized CCSD/ cc-pVTZ geometry ͑ЄCCC= 168.4°͒. The results are listed in Table II . Although the energy differences are small, lower energy structures ͑compared to the fully optimized CCSD/ cc-pVTZ geometry͒ are found with different levels of theory. The difference is likely due to using B3LYP orbitals as opposed to HF orbitals for the CCSD basis in the single-point calculations.
Based on the SF-CCSD/cc-pVTZ results, the linear geometry is approximately 40 cm −1 higher in energy than the CCSD/cc-pVTZ fully relaxed structure. The SF-CCSD͑T͒/ cc-pVTZ calculations suggest that the linear geometry is a very shallow minimum, 6.6 cm −1 more stable than the CCSD/cc-pVTZ fully relaxed structure with ЄCCC = 168.4°. When diffuse functions are included in the calculation ͑the aug-cc-pVTZ basis set͒, the linear geometry is favored at both the SF-CCSD and SF-CCSD͑T͒ levels of theory, by 54.9 and 81.2 cm −1 , respectively. While these energy differences are too small to draw any conclusions about the shape of the potential energy surface, The open-shell state was optimized by using the SF approach. the results indicate that there is very little energy difference between the linear and bent geometries. Therefore, the 3 NCCCN geometry is likely best described as quasilinear. The small energy differences over a wide range of geometries suggest that the CCC bending vibration undergoes large-amplitude motion.
State ordering and energies
The calculated relative energies of the triplet, closedshell singlet, and open-shell singlet states of NCCCN are listed in Table III . The ground state is determined to be the triplet, as has been reported previously. 9, 19 However, in contrast with the results of Nguyen and co-workers, 20 we find the lowest-energy singlet to be the closed-shell state, which is 0.1-0.3 eV ͑depending on the level of theory͒ more stable than the open-shell singlet state.
The predicted state ordering is consistent with the effects of the Renner-Teller coupling in the singlet state. As illustrated in Fig. 3 , the two singlet states are degenerate at the linear geometry. The Renner-Teller interaction causes the states to split upon distortion from linearity, with one state ͑ 1 A 1 ͒ going lower in energy, and the other state ͑ 1 B 1 ͒ going up in energy. 39 A separate CASPT2 calculation carried out by
Hrovat and Borden 40 also supports the conclusions obtained here. At the CASPT2͑14,14͒/aug-cc-pVTZ level of theory, the closed-shell singlet is found to lie adiabatically 0.69 eV higher in energy than the triplet state, whereas the energy of the open-shell singlet is found 0.74 eV above the triplet. These values are in excellent agreement with the SF-CCSD͑T͒/aug-cc-pVTZ results in Table III . Most importantly, these calculations confirm that the closed-shell singlet is the preferred singlet state, as expected for the RennerTeller system.
Electron affinities
The adiabatic EA of 3 NCCCN was calculated at the CCSD͑T͒/aug-cc-pVTZ and B3LYP/aug-cc-pVTZ levels of theory. The CCSD/cc-pVTZ geometry reported in Table I was used for the anion in the couple-cluster calculations, whereas the linear geometry ͑Table II͒ was used for the triplet state. Fully optimized geometries were used for the B3LYP calculations. The predicted and experimentally determined EA values for NCCCN are summarized in Table IV , where they are compared to those obtained by similar meth- Using the geometries shown in Table I for NCCCN − and the linear geometry ͑Table III͒ for the triplet; HCCN geometries were calculated at the CCSD/cc-pVTZ level of theory. c Obtained by combining the EA from the isodesmic calculation ͑previous column͒ with the SF-CCSD͑T͒/ cc-pVTZ singlet-triplet splitting from Table III.   d Obtained by combining the EA from the isodesmic calculation ͑previous column͒ with the SF-CCSD͑T͒/ aug-cc-pVTZ singlet-triplet splitting from Table III. ods for HCCN. The EAs predicted by both CCSD͑T͒ and B3LYP are in good agreement with the experimental measurements for both NCCCN and HCCN. 8 The third column in Table IV shows the EA of 3 NCCCN obtained using an isodesmic approach 41 based on the energetics of the electron transfer reaction
and the known EA of HCCN. 8 The electron binding energy of the singlet state, shown in the last column in Table IV , was obtained by combining the EA calculated using the isodesmic approach with the singlet-triplet splitting calculated at the SF-CCSD͑T͒/aug-cc-pVTZ level of theory.
IV. DISCUSSION
A. Photoelectron spectrum assignment
Both NCCCN − and NCCCN have been previously studied experimentally and theoretically, but the singlet-triplet splitting and EA of the neutral have not been measured. Initial assignment of features A and B in the photoelectron spectrum ͑Fig. 4͒ can be made by comparison to the spectrum of HCCN − , which shows a similar broad absorption at low eBE, corresponding to the triplet neutral state, and a sharp feature at higher eBE, assigned to the closed-shell singlet. 8 Substituting a CN group for the H to form NCCCN − yields a photoelectron spectrum similar to that of HCCN − , but the observed features are shifted to higher binding energy. The large increase in eBE reflects the pseudohalogen nature of the CN group, and its ability to stabilize negative ions. 24, 42, 43 Therefore, band A in the NCCCN − spectra in Fig.   4 is assigned to the
transition, while band B is attributed to ã 1 A 1 ← X 2 B 1 . The quantitative comparison of the measured spectra with the theoretical predictions provides support for this assignment. NCCCN ͑X 3 B 1 or 3 ⌺ g − ͒ is best described as a quasilinear molecule with a small barrier at the linear geometry. The large geometry change resulting from a transition from the anion structure to 3 NCCCN results in a broad photoelectron band, consistent with band A in Fig. 4 . The location of band A's origin is not clear. Examining the spectra in Figs. 4͑a͒ and 4͑b͒, we estimate that the band onset appears around eBE= 3.25Ϯ 0.05 eV. This is consistent with the computed EA values for NCCCN, which range from 3.04 to 3.36 eV depending on the method and basis set used ͑Table IV͒. There is no identifiable vibrational progression in either 266 or 355 nm spectrum. The fundamental frequency of the CCC bending vibration, which is the primary mode expected to be excited in the bent-to-linear transition, has been measured to be 102 cm −1 . 21 This mode is expected to be strongly anharmonic. This low-frequency vibration, along with other modes, makes it impossible to resolve any structure within band A. However, the VDE corresponding to the triplet state is readily determined as VDE= 3.53Ϯ 0.02 eV. This value compares favorably with the VDE= 3.47 eV predicted for NCCCN − at the B3LYP/aug-cc-pVTZ level of theory. In contrast with the NCCCN ground state, the optimized geometry of the closed-shell singlet, ã 1 A 1 , is very similar to that of the anion ͑Table I͒. Therefore, the ã 1 A 1 ← X 2 B 1 transition is expected to yield a limited Franck-Condon progression with an intense feature at the origin. The sharp feature at high eBE in the 266 nm spectrum in Fig. 4͑a͒ ͑feature B͒ is consistent with such a transition. The band maximum at eBE= 3.72Ϯ 0.02 eV is assigned as the adiabatic detachment energy corresponding to the ã 1 A 1 state of NCCCN. This result compares remarkably well with the computed values summarized in the last column of Table IV. The open-shell singlet state of NCCCN is calculated to be 0.74-0.82 eV ͑17-19 kcal/mol͒ higher in energy ͑adia-batically͒ than the triplet, which corresponds to an approximately 4.0 eV adiabatic detachment energy. Although the adiabatic transition is ͑barely͒ within the 266 nm ͑4.66 eV͒ photon energy range, it is not observed in our photoelectron spectra due to the poor Franck-Condon overlap expected for this bent-to-linear transition. The VDE for this transition is predicted to fall well outside the photon energy range of the experiment because the Renner-Teller splitting results in a rapid increase in the energy of the open-shell singlet state with CCC bending.
B. EA and singlet-triplet splitting of NCCCN
It is difficult to determine the adiabatic EA and the singlet-triplet splitting in NCCCN experimentally because no features associated with the origin the triplet band ͑A͒ can be assigned. The best estimate of the band onset obtained by rather subjective inspection of the spectra in Fig. 4 places the EA at EAՅ 3.25Ϯ 0.05 eV.
Greater confidence in the above experimental estimate is achieved by fitting the triplet band using a Franck-Condon simulation function. In our analysis, we used the anion and triplet geometries and frequencies calculated at the B3LYP/ aug-cc-pVDZ level. Higher-level calculations do not necessarily yield better fits due to the approximations used in the modeling procedure. Namely, in order to avoid having to evaluate the multidimensional overlap integrals of vibrational wave functions, the simulation uses the parallel-mode approximation and assumes harmonic oscillators, as described in detail elsewhere. 42 Several important limitations of this method should be recognized. First, the NCCCN − anion is bent, while the 3 NCCCN neutral is quasilinear. Therefore, one rotational mode of the anion becomes a vibration in the neutral. To simplify the analysis, we opted to optimize the 3 NCCCN geometry with a CCC angle arbitrarily fixed at 175°to allow overlap of all vibrational modes. Second, band A has no resolved vibrational progression with which to compare simulated progressions. Third, the use of the parallel-mode approximation may be questioned in this case, as it is most appropriate for small geometry changes, which is hardly the case in 3 NCCCN← NCCCN − photodetachment. Finally, the potential energy surface for CCC bending is highly anharmonic, so evaluating overlap integrals of these principal Franck-Condon active modes requires additional computational effort.
In fitting the triplet band, we matched band A maximum and shape in the 266 nm spectrum by scaling vibrational energies and convoluting all peaks with Gaussian functions of variable width. 44 Although this procedure is admittedly crude, it produces a satisfactory fit; an example is shown in Fig. 5 . The parameters used to model the 266 nm spectrum also produce a satisfactory fit of the onset of band A in the 355 nm spectrum, after accounting for differences in resolution. Our simulation for band B confirms that this feature is a vertical transition to the ground vibrational state of 1 NCCCN.
The predicted intensity at the origin is negligible, as one expects for a weak transition resulting from a large change in geometry. Still, this fitting procedure yields an adiabatic EA of EA= 3.20Ϯ 0.05 eV, which is an improvement compared to the upper-limit estimate ͑EAՅ 3.25Ϯ 0.05 eV͒ obtained by simply inspecting the spectra ͑see Table IV͒ . Using this value in conjunction with the origin of the singlet band at 3.72Ϯ 0.02 eV, we estimate the singlet-triplet ͑ã 1 A 1 ← X 3 B 1 / 3 ⌺ g − ͒ splitting in NCCCN as ⌬E ST = 0.52Ϯ 0.05 eV ͑12.0Ϯ 1.2 kcal/ mol͒. This estimate compares well with the theoretical value of 13.9 kcal/mol obtained with SF-CCSD͑T͒/cc-pVTZ, the highest level of theory employed in this study.
V. CONCLUSIONS
The photoelectron imaging study of NCCCN − reveals two bands in the photoelectron spectrum, corresponding to a triplet ground state ͑X 3 B 1 or 3 ⌺ g − ͒ and an excited closedshell singlet state ͑ã 1 A 1 ͒. Theoretical calculations show that the triplet is either quasilinear or linear. The triplet potential energy surface for CCC bending is flat and therefore sensitive to the choice of theoretical method and basis set. In contrast, the closed-shell singlet has a geometry very similar to the anion. Correspondingly, the singlet state is characterized by a sharp feature in the photoelectron spectrum, whereas the triplet state is represented by a broad, congested band. The best estimate of the origin of the triplet band, supported by the Franck-Condon modeling, yields an adiabatic EA of NCCCN, EA= 3.20Ϯ 0.05 eV. The adiabatic electron binding energy of the closed-shell singled state is measured to be 3.72Ϯ 0.02 eV, while the singlet-triplet ͑ã 1 A 1 ← X 3 B 1 / 3 ⌺ g − ͒ splitting is determined as ⌬E ST = 0.52Ϯ 0.05 eV ͑12.0Ϯ 1.2 kcal/ mol͒.
The second CN group on NCCCN does not significantly alter the singlet-triplet gap, compared to cyanocarbene ͓⌬E ST ͑HCCN͒ = 0.516 eV͔. 8 For comparison, the difference in singlet-triplet splittings of HCH and HCCN is about 0.39 eV, 2,8 a clear example of resonance stabilization. Our work illustrates an important point, however, that ⌬E ST is the magnitude of the singlet-triplet gap-and is only indirectly related to resonance stabilization of unpaired electrons in one of the states. Thus, a possible explanation for the similar ⌬E ST of NCCCN and HCCN is that while the triplet ground state of NCCCN might have increased resonance stabilization, the Renner-Teller splitting on the singlet surface drives the singlet state energy down as well, so the relative energy gap between the singlet and triplet states remains approximately unchanged. 
